INTRODUCTION
The single, double, and perturbative triple excitations coupled-cluster [CCSD(T)] method was first developed by Raghavachari et af. 1 as a computationally inexpensive way to incorporate the effects of connected triple excitations in the coupled-cluster procedure. The CCSD(T) method is therefore an approximation to the full single, double, and triple excitations coupled-cluster (CCSDT) method. The full CCSDT method was initially developed and implemented by Noga and Bartlett 2 and later by Scuseria and Schaefer. 3 More recently, Rendell, Lee, and Komomicki 4 employed a parallel vectorized algorithm to determine the triples contribution to the CCSD(T) energy. Numerous studies s -10 have shown the usefulness of the CCSD(T) method. The CCSD(T) method is less expensive than the CCSDT method because connected T 3 terms are not in~ cluded directly in the exponential wave function. Instead, the CCSD(T) method approximates the effects of connected triples terms with a perturbative energy correction, E(T), which is simply added to the single and double excitations coupled-cluster (CCSD) energy to obtain the CCSD(T) energy. This correction is obtained using the converged single-and double-excitation amplitudes from a CCSD wave function. Therefore, the CCSD(T) procedure partially accounts for both interactions between single and triple excitations and interactions between double and triple excitations. Analytic CCSD(T) gradients are determined using the method of analytic CCSD gradients with the addition of the derivative of the perturbative triples correction to the energy. For a more detailed discussion, the reader may refer to earlier papers on the formulation of the closed-she11 9 and open-shell ll CCSD(T) energy and the closed-shell gradient l2 techniques.
.) Author to whom correspondence should be addressed. The present research utilizes analytic closed-shell CCSD (T) gradient techniques in a systematic study of the eqUilibrium geometries, dipole moments, harmonic vibrational frequencies, and infrared (IR) intensities of the HCN, HNC, CO 2 , CH 4 , NHt, HCCH, H 2 0, H 2 CO, NH 3 , and FCCH molecules with a triple zeta plus double polarization functions (TZ2P) basis set and a TZ2P basis set augmented with one set of higher angular momentum polarization functions on all atoms [TZ(2dJ, 2pd) ]. This type of study has been performed previously in this laboratory for the self-consistent-field (SCF) and single and double excitations configuration interaction (CISD) methods,13 the CCSD method,14 and the CCSD(T) method l5 using a double-zeta plus polarization (DZP) basis set. These earlier studies have proven useful because they give reasonable general estimates of the systematic errors involved in theoretically predicted values for a basis set relative to experimental values. This information is particularly valuable when applying the theoretical methods in question to molecules or physical properties of molecules that have not yet been experimentally observed. For example, accurate theoretical harmonic vibrational frequencies are very desirable since anharmonicity corrections and associated theoretical errors are an order of magnitude smaller than the harmonic frequencies themselves.
I 6-19 Therefore, much more reliable theoretical fundamentals can be predicted if the harmonic frequencies are accurate. The accurate theoretical prediction of thermodynamic properties also requires a knowledge of reliable harmonic frequencies. 2o
Systematic studies of this type also illustrate problems that can arise if a proper balance is not kept between the quality of basis sets employed and improvements in the method for treating electron correlation. For example, it has recently been shown that a marginal improvement in theoretically predicted harmonic vibrational frequencies when switching from the DZP CCSD to the DZP CCSD(T) methodology is accompanied by a noticeable worsening in the theoretically predicted equilibrium geometries. 15 It was expected that the use of larger basis sets than the DZP basis sets employed in our previous studies would produce more accurate results when used in conjunction with the CCSD and CCSD(T) methods. A logical choice to achieve this improvement is a TZ2P basis. It has been shown 21 . 22 that a further step in improving basis set quality beyond that of TZ2P is not toward saturation of the spd space but rather the inclusion of higher angular momentum functions in the basis set. Thus, a TZ(2dj, 2pd) basis set is preferable to a quadruple zeta plus three sets of polarization functions (QZ3P) basis.
The present research includes all electrons in the various correlation procedures utilized here in order to directly compare with the previous systematic studies using the DZP basis set. 13-15 We realize that many recent theoretical studies in correlated levels of theory have frozen the core electrons of heavy atoms. The inclusion of these core electrons may create a problem because the basis set size used in the current study may not be large enough to adequately include core-core and core-valence correlation. 23
THEORETICAL DETAILS
The ab initio methods employed in this work were essentially the same as those used in the previous studies. 13 -15 Rather than the DZP basis set of the earlier studies, larger TZ2P and TZ(2dj, 2pd) basis sets of contracted Gaussian functions were used. The present research included all nine of the previously studied molecules, as well as FCCH. The TZ2P basis sets consisted of Huzinaga's24 (1 Os6p) primitive sets for heavy atoms (C,N,O,F) and (5s) primitive set for H contracted by Dunning 25 to (5s3p) for the C,N,O, and F atoms and (3s) for H. These were augmented with two sets of polarization functions with orbital exponents aiC) = 1.50, 0.375, aiN) = 1.60, 0.40, ad(O) = 1.70, 0.425, ad(F) =2.00, 0.50, and ap(H) = 1.50, 0.375. The orbital exponents for the polarization functions were deduced from the suggestions of Frisch, Pople, and Binkley.26 Therefore, the complete contraction scheme for the TZ2P basis set is ( IOs6p2d/5s3p2d) for all heavy atoms (C,N,O,F) and (5s2p/3s2p) for H. The TZ(2dj,2pd) basis set was obtained by augmenting the TZ2P basis with one set of higher angular momentum polarization functions for all atoms. Thus, the complete contraction scheme for the TZ(2dj,2pd) basis set is (lOs6p2d1j/5s3p2d1j) for all heavy atoms and (5s2p 1d/3s2p 1d) for H. The orbital exponents for the higher angular momentum polarization functions were a/(C) =0.80, a/eN) = 1.00, a/CO) = 1.40, a /(F) = 1.85, and aiH) = 1.00. Sets of six Cartesian d-like and ten Cartesian j-like Gaussian functions were used throughout.
Analytic restricted Hartree-Fock SCF,27.28 CISD,29-32 CCSD,33 and CCSD(T) 12 closed-shell gradient techniques were used to fully optimize all structures. All residual Cartesian and internal coordinate gradients were less than 10-6 atomic units. The SCF harmonic vibrational frequencies were obtained from analytic SCF second derivatives of the energy.34.35 SCF IR intensities were evaluated analytically36 within the double harmonic approximation (i.e., neglect of the anharmonicity of the potential energy surface and of the nonlinear relationship of the dipole moment to the normal coordinates).
The CISD wave functions were determined with the shape-driven graphical unitary group approach. 37 The number of single and double excitations for each molecule in the various symmetries required to perform the optimizations and finite differences displacements with the TZ2P basis set were as follows: 39761 (D 2h ) and 79 118 (e 2v ) for CO 2 ; 15 172 (e 2v ) The correlated frequencies were obtained by the method of central finite differences of CISD, CCSD, and CCSD(T) gradients with the exception of the TZ(2dj,2pd) CCSD and the TZ2P and TZ(2dj,2pd) CCSD(T) FCCH frequencies. These frequencies were found from finite differences of energies because of the extreme computational cost of evaluating the gradients. At correlated levels of theory, IR intensities were also determined using the double (mechanical and electrical) harmonic approximation. All electrons and all orbitals were included in the correlated wave functions. The CI 38, 30 and CC 33 dipole moments were evaluated as energy derivatives with respect to an external electric field, and dipole moment derivatives were obtained through the finite differences procedure.
RESULTS AND DISCUSSION
Tables I-X report the total energies, eqUilibrium bond lengths (rj!)' bond angles (ee), dipole moments (/-Le), harmonic vibrational frequencies (we) , and infrared intensities (I) for the ten molecules at the SCF, CISD, CCSD, and CCSD(T) levels of theory with the TZ2P and TZ(2dj,2pd) basis sets, as well as available experimental values. Table XI reports the average error between the theoretical and experimental equilibrium bond lengths and the standard deviation at the various levels of theory for the two basis sets. Besler et al., 14 and Thomas et al. IS The following discussion is separated into sections that compare the results for both basis sets for the specified zeroth-, first-, and second-order molecular properties.
Equilibrium geometries
Results presented in Table XI show that the accuracy of the TZ2P and TZ(2dj,2pd) CCSD and CCSD(T) equilibrium bond lengths improved drastically relative to the previously reported DZP results. 14 ,15 The average absolute error for the 13 bond lengths compared in this study is 0.21% for TZ2P CCSD(T), while the TZ2P CCSD average error is only 0.15%. The main difference between the errors in bond lengths for the two methods lies in the direction of the error. The TZ2P CCSD method underestimates 11 of the 13 experimental bond lengths, whereas TZ2P CCSD(T) overestimates 10 of 13. The TZ(2dj, 2pd) results show that the CCSD error is 0.21 % whereas that of CCSD(T) is 0.17%. The TZ2P CCSD and CCSD(T) results confirm the importance of maintaining a balance between basis set and method. Note that the TZ2P CCSD and TZ(2dj,2pd) CCSD(T) methods give the smallest absolute average errors in bond lengths. Comparison with the larger absolute errors for the TZ2P CCSD(T) and TZ(2dj,2pd) CCSD methodologies again confirms the importance of maintaining a balance between the quality of basis and theoretical methodology. Table XII shows that the predicted bond angles at the TZ2P and TZ(2dj,2pd) CCSD(T) levels are also in good agreement with the experimental values.
It should be noted that experimental equilibrium geometrical variables are only as reliable as the uncertainty inherent in the procedure used to derive these values from the experimentally observed spectrum and by the approximations used in the model potential employed in fitting the experimental data. 39 -41 
Dipole moments
Generally, experimentally determined dipole moments are not equilibrium values (/-Le) but are actually /-Lo values. Furthermore, the state for which the dipole moment is experimentally reported often is not the rotational ground state. This is because experimental dipole moments are usually measured from Stark shifts and require a transition from one rotational state to another (rotational dependence is needed in the state being studied). For these reasons, a direct comparison between theoretical and experimental dipole moments is only useful on an approximate level. Quantitative agreement between theory and experiment does not explicitly imply accuracy of the theoretical predictions.
With these points in mind, Table XIII shows that the most reasonable dipole moments are predicted for both basis sets at correlated levels of theory. As expected, CCSD(T) dipole moments, in general, lie closer to experimental values than for any of the other three levels of theory studied presently. However, it is worth noting that the CCSD(T) dipole moments are not always the closest to experimental values (i.e., CISD gives the closest value for HNC).
Harmonic vibrational frequencies
The three previous systematic studies l3 -ls reported the average error in theoretical DZP harmonic vibrational frequencies with respect to experiment as 9.1 % for SCF, 3.7% for CISD, 2.3% for CCSD, and 2.4% for CCSD(T) for seven of the eight molecules (FCCH was previously excluded) studied in this work. The present research found the average error for the TZ2P SCF, CISD, CCSD, and CCSD(T) methods to be 8.9%, 3.2%, 1.6%, and 2.0%, respectively, for the same seven molecules (HNC and NHt had no reliable experimental harmonic frequencies for comparison with theoretical results). The TZ(2dj,2pd) averages were 8.2%, 4.2%, 2.1 %, and 1.2%, respectively. A direct comparison of the average absolute errors given above with the previously reported DZP results l3 -15 shows the favorable effect of larger basis sets on the harmonic frequencies.
The present study also includes the results for the FCCH molecule for a total comparison of 33 vibrational modes (out of a total of 40 possible). For all eight molecules, the average absolute errors in frequencies for the SCF, CISD, CCSD, and CCSDCT) methods with the are equilibrium values unless indicated otherwise. The bond lengths used to determine the percent differences in Table XI were taken from footnote a and the harmonic frequencies used to compute the percent differences in Table XIV B 7, 1835 (1990) .
hG. E. Hyde and D. F. Hornig, J. Chem. Phys. 20, 647 (1952) .
Expt.
- TZ2P basis were 9.9%, 3.8%, 1.5%, and 2.3%, respectively. For the TZ(2dj, 2pd) basis, the average errors were 10.3%, 6.3%, 3.7%, and 2.2%. Table XIV shows that excluding the bending modes of the triply bonded molecules (HCN 'IT mode, HCCH 'lTu and 'lT g modes, and both FCCH 'IT modes) as well as the NH3 a1 umbrella mode from the TZ2P and TZ(2dj, 2pd) average absolute errors led to further improvement in those values. The SCF, CISD, CCSD, and CCSD(T) averages after exclusion of the aforementioned modes were 7.3%, 3.0%, 1.1 %, and 1.1 %, respectively, for the TZ2P basis and 7.4%, 3.5%, 1.5%, and 0.6% for the TZ(2dj, 2pd) basis. The greatest improvement from the exclusion of these modes was seen for the CCSD(T) method, in which the average absolute errors for both basis sets decreased by more than a factor of 2. The bending mode problem has been attributed to basis set incompleteness. Simandiras et al. showed 21 that when basis sets were increased by saturating only the spd space, the bending frequencies of HCCH became progressively smaller in magnitude, thus underestimating the experimental values by larger amounts. The conclusion drawn from their studies was that the d and j functions must be kept "in balance." Specifically, it was found that one set of j functions complemented two sets of d functions and that two sets of j functions complemented three sets of d functions. In this manner, a TZ(2dj, 2pd) basis should be a balanced extension of the TZ2P basis set. For more information on basis set inadequacies with respect to the aforementioned excluded modes, refer to the discussion in our earlier paper15 or to earlier papers concerning the NH3,42-44 HCCH,21 and FCCH 45 molecules, specifically. At the SCF level of theory, all theoretical frequencies are overestimated and all theoretical eqUilibrium bond lengths are shorter than the experimental ones. By the time the TZ2P and TZ(2dj,2pd) CCSD(T) levels of theory are reached, almost all of the theoretical frequencies have either just slightly overestimated or have underestimated the experimental values. In all cases, the frequencies decrease and the bonds elongate with improved correlation. This trend for frequencies to decrease as the bond lengths elongate is expected from Badger's rule.
•

47
Of all the methodologies studied, TZ2P CCSD, TZ2P CCSD(T), and TZ(2dj,2pd) CCSD(T) prove to be the most accurate in predicting the harmonic vibrational frequencies and the equilibrium bond lengths. Clearly, the TZ(2dj,2pd) CCSD(T) method is the most accurate of the three with respect to predicted harmonic frequencies. As seen in Table XIV , over a third (12) of the 33 harmonic frequencies differ by no more than 0.5% (absolute error) with this method. Also, over two-thirds (25) of this method's predicted frequencies differ by no more than 1.2%. The only modes greater than 3% are the troublesome 1T modes and the NH3 at umbrella mode. This distribution clearly demonstrates the expected superiority of the TZ(2dj,2pd) CCSD(T) method in accurately reproducing harmonic frequencies compared to the other methodologies employed in the current research.
Martin, Lee, and Taylor 48 recently used the CCSD(T) method to predict the harmonic vibrational frequencies and the quartic force field of NH3 with two large correlation-consistent basis sets 49 denoted cc-p VTZP value of 1022 cm -1 was too small by at least 20 to 30 cm -I. If this is so, then their predicted theoretical values of 1109 cm-I (cc-pVTZ) and 1084 cm-I (cc-pVQZ) are in good agreement with the "true value." They attributed this underestimation to the experimentalists' neglect of higher than quartic anharmonicity in determination of the harmonics from the fundamentals. Higher orders of anharmonicity are needed to correctly describe the motion that results from a small inversion barrier and a high upper level for the V2 fundamental.
The present results tend to support Martin and Lee's reported. The TZ(2df,2pd) CCSD(T) {U2 frequency of 1076 cm -I also suggests that Duncan and Mill's experimental (U2 might be underestimating the "true" value as was hypothesized in Martin and Lee's earlier work. If the values reported by Lehmann and Coy are closer to the "true" harmonic frequencies, then the absolute average errors given in Table XIV will be reduced due to better agreement between theory and the revised experimental values for NH 3 . The percent differences for NH3 given in Table XIV are relative to the harmonic frequencies reported by Duncan and Mills s2 and not those of Lehmann and Coy50,51 because it was difficult to determine which set of values reported by Lehmann and Coy are the most reliable.
An interesting point concerning the linear molecule bending modes arises from the earlier results of Lee and Rende1l 53 for the HCN molecule. They reproduced the experimental 17" bending frequency of 727 cm -I quite accurately at the CCSD(T) level of theory when they improved the basis set from TZ2P (677 cm-I , -6.9% error) to TZ2P+ f (729 cm-I , 0.3% error). These results were surprising considering the present coupled-cluster HCN 17" frequencies were 2.3% (TZ2P CCSD) in error when compared to the experimental value, and the larger 
Infrared Intensities
The effect of correlation on the IR intensities is the least evident of all the theoretical molecular properties reported and compared in this paper. Comparison of theo- Several TZ2P and TZ(2dj, 2pd ) CCSD(T) intensities were found to lie within the ranges of experimental error for the measured intensities. The majority of the intensities are found to lie very close (within a few km mol-I) of the experimental values. Unfortunately, uncertainties do not accompany all of the reported experimental intensities listed here. The magnitudes of experimental uncertainties are usually at least 10%. Also, it should be kept in mind that the experimental intensities are those of the fundamentals and not the harmonics (experimental intensities include anharmonic and overlap effects, whereas the theoretical intensities do not), and that the experimental accuracy for modes with weak intensities may be poorer than for strong modes. Oddly, the ordering of the modes with respect to magnitude for H 2 CO does not agree with experiment as correlation or basis set size is increased. This discrepancy between theory and experiment was discussed by Willets et al. 54 in their study of theoretical anharmonic corrections to IR vibrational intensities. They noted that the I I and 15 intensities are not well established experimentally because several weaker overlapping bands lie in the same spectral region. The theoretical anharmonic correction was found to be quite large (-39 km mol-I) for 15 due to Fermi resonance between V5 and two combination bands, v2+v6 and v3+v6, neither of which is predicted to have intensity within the double harmonic approximation used here. Theoretical refinement of the method used to predict the intensities was made by Willets et al. 54 to give a reduced value of 67 km mol-I for the intensity of V5 alone. Two comparable experimental values of 69 km/moI 55 ,56 (this value was determined in Ref. 54 from the experimental data reported in Refs. 56 and 57) and ;;;.59 km/moI 57 ,58 for this intensity have been reported. The TZ(2dj,2pd) CCSD(T) Is value is 108 km mol-I, so an anharmonic correction of approximately the same size as above would give a value of -70 km mol-I, in good agreement with experiment.
The trend for IR intensities to decrease with improVed treatment of electron correlation effects may be simply justified. In general, as a bond is elongated, the electron density becomes less sensitive to infinitesimal nuclear motions. Therefore, smaller changes in the dipole moment should occur when a molecule vibrates, and this will lead to smaller IR intensities. This tendency is observed in the present research with the use of TZ2P and TZ(2dj,2pd) basis sets. The bond lengths became elongated at higher correlated levels, and the intensities decreased. It should be noted that the previous DZP results did not display this tendency. This was because the DZP basis was too small to provide sufficient balance with the amount of correlation included in the CCSD and CCSD(T) procedures.
CONCLUDING REMARKS
Although our study of ten polyatomic molecules in no way establishes a completely reliable average error (especially since we are only comparing molecules with closedshell ground states), availability of additional experimental data will enable theoreticians to easily improve upon the average errors presented here. As can be seen for the harmonic frequencies in Table XV , a balance seems to exist between the TZ2P basis and the level of excitations included in the CCSD method. The same is observed for the TZ(2dj,2pd) CCSD(T) methodology. A similar balance was seen in our previous studies l3 -15 between the DZP basis and the CISD procedure. The DZP CCSD and CCSD(T) vibrationaljrequencies showed apparent greater accuracy, but this was achieved at the expense of the accuracy of the predicted geometries. In the present research, the TZ2P CCSD method gave the best overall agreement of the four TZ2P methodologies with respect to both geometries and jrequencies. The TZ(2dj,2pd) CCSD(T) method gave geometries that were in as good agreement with experiment as the TZ2P CCSD results. Overall, however, the TZ(2dj,2pd) CCSD(T) frequencies disagreed more with experiment due to overestimation of the bending modes of the various 7T-bonded linear molecules. Exclusion of these problematic bending modes from the average error showed that TZ(2dj,2pd) CCSD(T) frequencies were slightly more accurate than any other methodology. In the present study, the TZ(2dj,2pd) CCSD(T) results were found to give the most reliable predictions with respect to equilibrium bond lengths and harmonic vibrational frequencies. Although TZ2P CCSD equilibrium bond lengths were the most accurate on the average, the slight improvement in accuracy [only 0.02% better than TZ(2dj, 2pd)] does not outweigh the more accurately predicted TZ(2dj, 2pd) CCSD(T) harmonic vibrational frequencies. Also, it should be kept in mind when making these types of comparisons that experimental harmonic and anharmonic vibrational frequencies may have some inherent uncertainty from the procedure used to extract them from experimentally observed data.
This study shows the importance of keeping a balance between the basis set quality and theoretical method. An appropriate balance allows the correct prediction of both the shape and the position of the potential energy well on a molecule's potential energy hypersurface. The effect of an "imbalanced" methodology can be seen in the DZP CCSD(T) results reported previously.15 Specifically, the shape of the potential wells were accurately predicted (as can be seen from the extremely accurate frequencies) at the expense of the incorrect position of the wells (reflected in the geometry errors). The present study found that the TZ2P CCSD and TZ(2dj,2pd) CCSD(T) methodologies are properly balanced and simultaneously reproduced accurate molecular properties. As mentioned in the Introduction, another systematic study on the effect of frozen core approximations in predicting molecular properties is underway in this laboratory and the results will be presented in a forthcoming paper.
ACKNOWLEDGMENTS
This research was supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Fundamental Interactions Branch, Grant No. DE-FG09-87ER13811. This material is based upon work supported under a National Science Foundation Graduate Fellowship as well as a DOD Graduate Fellowship. The authors would like to thank Professor Gustavo E. Scuseria at Rice University for extremely helpful discussions and especially for the CCSD(T) codes that were utilized in performing this research. The authors would also like to thank Professor Phil Bunker at the National Research Council of Canada and Professor Nicholas Handy at Cambridge University for discussing key aspects of this paper with us. Weare also very grateful to Dr. Tim Lee at NASA Ames for giving helpful insight on several aspects of this paper and for sending us several preprints of papers in press.
